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Most PlexinA4 brain localization studies have focused on its 
mRNA distribution in the developing nervous system (Suto et al., 
2003; Perala et al., 2005). In mouse embryos, PlexinA4 mRNA 
was found in both the central and peripheral nervous systems 
(CNS and PNS). High levels of mRNAs are present in the soma-
tosensory, olfactory, auditory, and visual systems, the neocortex, 
and the hippocampal formation, as well as the choroid plexus 
(Perala et al., 2005). In addition, PlexinA4 mRNAs are found in 
the superior colliculus, the oculomotor nucleus, the dorsal motor 
nucleus of the vagus, the hypoglossal nucleus, several thalamic 
nuclei, the medial vestibular nucleus, and motor neurons (Suto 
et al., 2003; Spinelli et al., 2007). Lower levels are present in the 
spinal trigeminal nucleus of the oralis and the dorsal horn of the 
spinal cord (Suto et al., 2003). In the PNS, high levels of mRNAs 
are found in the dorsal root ganglia, trigeminal ganglia, vagus 
and glossopharyngeal ganglia, and the sympathetic and ciliac 
ganglia (Suto et al., 2003). PlexinA4 mRNA has also been found 
in mouse oligodendrocyte precursor cells (Okada et al., 2007). 
Outside of the nervous system, PlexinA4 mRNA has been found 
in the oral epithelium of the tongue, the pancreatic primordium, 
the enteric nervous plexus, the lamina propria, the muscularis 
externa of the intestine (Perala et al., 2005), and mouse T-cells, 
where its absence leads to an elevated immune response and 
increased T-cell proliferation (Yamamoto et al., 2008). Fewer 
studies have examined PlexinA4 protein distribution. It was 
detected in NG-2 expressing cells in primary cultures of mouse 
cerebral cortex (Okada et al., 2007). Expression of the protein 
was also found in the hippocampi of P1 and P10 mice, where it 
was seen mainly in mossy fibers, particularly the surprapyramidal 
and infrapyramidal bundles, as well as the dentate hilus (Suto 
et al., 2007).
IntroductIon
The semaphorins are a large family of axon guidance molecules 
  comprising 19 secreted and membrane bound molecules organized 
into eight classes (Pasterkamp and Kolodkin, 2003). The best charac-
terized of these are the class 3 semaphorins, which are secreted proteins 
with a diverse set of functions in developing animals including axon 
pruning and repulsion, dendritic attraction and branching, growth 
cone collapse, regulation of cell migration, and vascular remodeling 
(Potiron and Roche, 2005; Bussolino et al., 2006). Whereas class 3 sem-
aphorins bind directly to either neuropilin 1 (Nrp1) or neuropilin 2 
(Nrp2), signal transduction requires interaction with members of the 
A subfamily of Plexin co-receptors (PlexinA1–A4). PlexinA4, a type 
1 membrane protein, transduces signals from semaphorin 3A and 3F 
(Sema3A and 3F) (Suto et al., 2003). Although its affinity for Nrp1 is 
greater than for Nrp2, PlexinA4 has been shown to interact with both 
depending on the location and presence of other co-receptors, such as 
PlexinA3 (Suto et al., 2003; Yaron et al., 2005). In the development of 
the sympathetic nervous system, PlexinA4 works cooperatively with 
PlexinA3 to regulate the migration of sympathetic neurons and differ-
entially to guide sympathetic axons (Waimey et al., 2008). PlexinA4 is 
also a direct receptor and transducer for the membrane-bound class 6 
semaphorins, Sema6A and 6B (Suto et al., 2005; Okada et al., 2007).
In the mouse, PlexinA4 consists of 1890 amino acids including 
a likely signal sequence (amino acids, aa 1–20), a transmembrane 
domain (aa 1230–1255), and 12 extracellular, N-linked glycosyla-
tion sites. It also possesses certain domains that are characteristic 
of the other members of the PlexinA subfamily. Extracellularly, 
these include the Sema domain (aa 36–554), three MRS/cysteine 
clusters, and three glycine–proline repeats, and, intracellularly, the 
SP domains as well as a putative tyrosine kinase phosphorylation 
site (aa 1804–1811) (Suto et al., 2003).
Immunohistochemical distribution of PlexinA4 in the adult rat 
central nervous system
Claire-Anne Gutekunst*, Eric N. Stewart and Robert E. Gross*
Department of Neurosurgery, Emory University School of Medicine, Atlanta, GA, USA
PlexinA4 is the latest member to be identified of the PlexinA subfamily, critical transducers 
of class 3 semaphorin signaling as co-receptors to neuropilins 1 and 2. Despite functional 
information regarding the role of PlexinA4 in development and guidance of specific neuronal 
pathways, little is known about its distribution in the adult central nervous system (CNS). Here 
we report an in depth immunohistochemical analysis of PlexinA4 expression in the adult rat 
CNS. PlexinA4 staining was present in neurons and fibers throughout the brain and spinal cord, 
including neocortex, hippocampus, lateral hypothalamus, red nucleus, facial nucleus, and the 
mesencephalic trigeminal nucleus. PlexinA4 antibodies labeled fibers in the lateral septum, 
nucleus accumbens, several thalamic nuclei, substantia nigra pars reticulata, zona incerta, 
pontine reticular region, as well as in several cranial nerve nuclei.  This constitutes the first detailed 
description of the topographic distribution of PlexinA4 in the adult CNS and will set the basis 
for future studies on the functional implications of PlexinA4 in adult brain physiology.
Keywords: semaphorin, axon guidance molecule, regeneration
Edited by:
Patrik Brundin, Lund University, 
Sweden; Vetenskapsrådet, Sweden; 
Nordic Center of Excellence, Norway; 
NeuroFortis Strong Research 
Environment, Sweden
Reviewed by:
Hwai-Jong Cheng, University of 
California Davis, USA
Lahouari Amar, Lund University, 
Sweden
*Correspondence:
Claire-Anne Gutekunst and Robert E. 
Gross, Emory University School of 
Medicine, Department of 
Neurosurgery, Atlanta, GA 30322, 
USA.
e-mail: cguteku@emory.edu; 
rgross@emory.eduFrontiers in Neuroanatomy  www.frontiersin.org  July 2010  | Volume 4  | Article 25  |  2
Gutekunst et al.  PlexinA4 localization rat CNS
Due to the important role of plexins in the transduction of axon 
guidance signals in the developing nervous system, past studies 
have mainly focused on PlexinA4 mRNA distribution during dif-
ferent embryonic stages of development, with comparatively little 
attention being devoted to the study of its distribution and possible 
function in the adult brain. PlexinA4 mRNAs were shown to be 
expressed in both the facial nucleus and red nucleus in the adult, 
and axotomy increased PlexinA4 mRNA expression levels in both 
rubrospinal and facial motor neurons suggesting a role of PlexinA4 
in regenerative processes (Spinelli et al., 2007). A fuller knowledge 
of the anatomical distribution of PlexinA4 should provide impor-
tant context to further stimulate investigation of its physiological 
role in the adult brain. In the present study we describe the expres-
sion pattern of PlexinA4 protein throughout the adult rat CNS.
MaterIals and Methods
anIMals and perfusIon
Adult  (2  month  old)  Sprague-Dawley  rats  (150–200  g)  were 
obtained from Jackson Laboratories (West Chester, PA, USA) and 
maintained in a 12/12 light/dark cycle with ad libitum access to food 
and water. All protocols involving animals were approved by the 
Emory University Institutional Animal Care and Use Committee 
(IACUC) and conform to NIH guidelines.
antIbodIes
Rabbit polyclonal antibodies specific for PlexinA4 were used at 
1:500 (ab39350-200, Abcam, Cambridge, MA, USA). Mouse mono-
clonal antibodies specific for NeuN were used at 1:100 (MAB377, 
Chemicon/Millipore, Billerica, MA, USA). Mouse anti-glial fibril-
lary acidic protein (GFAP) antibodies were used at 1:500 (AB5804, 
Chemicon/Millipore, Billerica, MA, USA).
Western blot
Whole brain tissue from rat and mouse were homogenized in lysis 
buffer (0.25 M sucrose; 100 mM Tris–HCl) supplemented with 
protease inhibitor cocktail (Roche 11897100) followed by cen-
trifugation at 600 g and 4°C for 10 min. Supernatants were col-
lected and protein content determined by BCA Protein Assay Kit 
(Thermo Scientific, Rockford, IL, USA) using a FL600 Microplate 
Fluorescence Reader (Bio-Tek, Winooski, VT, USA). Samples and 
Kaleidoscope ladder (Bio-Rad, Hercules, CA, USA) were separated 
on a 7.5% SDS-PAGE ReadyGel (Bio-Rad, Hercules, CA, USA). 
Gels were electroblotted onto supported nitrocellulose membrane 
(Millipore, Billerica, MA, USA). Membranes were then blocked in 
5% non-fat dried milk in TBST (50 mM Tris buffered saline, 0.1% 
Tween 20) for 1 h before being incubated overnight with PlexinA4 
antibodies (3 μg/ml). The membranes were then rinsed and trans-
ferred into TBST with DyLight 800 goat anti-rabbit secondary anti-
body (1:2000; Thermo Scientific, Rockford, IL, USA) for 1 h. Blots 
were imaged using the Odyssey Infrared Imaging System (LI-COR, 
Lincoln, NE, USA). Controls included preabsorption of antibodies 
with excess PlexinA4 peptide (ab39349; Abcam, Cambridge, MA, 
USA) for 1 h at room temperature (RT) prior to use.
IMMunohIstocheMIstry
Adult male Sprague Dawley rats (n = 6) were used for light micro-
scopic immunohistochemistry. Each rat was deeply anesthetized 
with an overdose of Euthasol (5 ml/kg), injected   intraperitoneally, 
and then perfused intracardially with 0.9% saline, followed by 
4% paraformaldehyde in 0.1 M phosphate buffer at pH 7.2 (PB) 
for 15 min at a rate of 20 ml/min. Brains were removed and 
cryoprotected in 30% sucrose at 4°C, sectioned in coronal, par-
asagittal, and horizontal planes at 50 μm using a freezing micro-
tome, collected in PB, and rinsed in 0.1 M phosphate-buffered 
saline (PBS), pH 7.2. Free-floating sections were incubated in 
3% hydrogen peroxide to eliminate endogenous peroxidase and 
0.1% TritonX-100, rinsed and preblocked in 4% normal goat 
serum (NGS) in PBS for 30 min at RT. Sections were incubated 
in primary antibodies in PBS containing 2% NGS at 4°C for 48 h, 
then rinsed and incubated for 1 h at RT in biotinylated anti-
rabbit antibody (ABC Elite; Vector Laboratories, Burlingame, 
CA, USA) in PBS containing 2% NGS. After several rinses in 
PBS, the sections were incubated in avidin–biotin complex (ABC 
Elite; Vector) for 90 min at 4°C and rinsed. Immunoreactivity 
was visualized by incubation in 0.05% 3,3′-diaminobenzidine 
tetrahydrochloride (DAB; Sigma, St Louis, MO, USA) and 0.01% 
hydrogen peroxide in PBS, until a dark brown reaction prod-
uct was evident (5–10 min). Controls included the omission of 
primary antibody and preabsorption of antibodies with excess 
PlexinA4 peptide (ab39349; Abcam, Cambridge, MA, USA) for 
1 h at RT prior to use.
double-labeled IMMunofluorescence
Immunofluorescence was used to co-localize PlexinA4, NeuN and 
GFAP in rat brain. Free-floating sections were blocked in 4% nor-
mal donkey serum (NDS) and 0.1% Triton-X for 30 min at RT, 
rinsed, and incubated overnight at 4°C in rabbit anti-PleinxA4 
(1:500) and mouse anti-NeuN (1:100) or mouse anti-GFAP (1:500) 
in PBS containing 2% NDS. Sections were rinsed and incubated 
in  Alexa  594  conjugated  donkey  anti-rabbit  (1:1000;  Jackson 
Immunoresearch, West Grove, PA, USA) and Alexa 488 conjugated 
donkey anti-mouse (1:1000; Jackson Immunoresearch, West Grove, 
PA, USA) in 2% NDS for 1 h at RT. After rinsing, sections were 
mounted on glass slides with Fluoromount-G mounting medium 
(SouthernBiotech, Birmingham, AL, USA) for fluorescence. For 
each double-label experiment, controls included omission of one 
or both primary antibodies.
analysIs
Sections were visualized using either a Leica DMIRE/2 automated 
inverted research microscope equipped with four fluorescent cubes 
and a monochrome and color digital camera or a confocal Zeiss 
510 with META system equipped with Argon and HENE/3PMT 
lasers and a Ti-sapphire laser for two-photon excitation. The level of 
immunoreactivity in areas of interest was evaluated using a qualita-
tive scale of + (weak), ++ (moderate), and +++ (strong). Numbers 
of somata and fibers were also approximated with a qualitative 
scale of 1 (low), 2 (intermediate), and 3 (high). The anatomical 




PlexinA4 was detected using a rabbit polyclonal antibody which was 
raised against a synthetic peptide conjugated to KLH and derived 
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  olfactory tract (lot), PlexinA4 antibodies stained large pyramidal 
neurons and their dendrites (Figures 3A,B). The remainder of the 
pyramidal layer of piriform cortex was only very lightly stained.
olfactory systeM
PlexinA4 immunostaining was present in most layers of the main 
olfactory bulb (MOB). Labeled neurons were observed in the external 
plexiform (EPL) and mitral cell layer (MCL; Figures 3A,D,E). The 
mitral cells are the principal projection neurons in the olfactory bulb, 
receiving inputs from olfactory sensory neurons and in turn project-
ing via the lot to the olfactory cortex. PlexinA4 immunoreactivity was 
observed in the soma of the mitral cells as well as in their dendrites 
coursing through the EPL all the way to the necklace glomeruli (aster-
isks in Figure 3E). Based on their morphology, size, and position, 
PlexinA4 positive neurons in the EPL are likely to include exter-
nal and middle tufted neurons as well as Van Gehuchten neurons 
(Figure 3E). In the internal plexiform layer (IPL), PlexinA4 stained 
axons of the tufted or mitral neurons projecting to the piriform cor-
tex were observed. There was no detectable PlexinA4 in the anterior 
olfactory nucleus (AO; Figure 3D), but strongly stained axons in the 
lot could be seen (Figures 3A–C). In the accessory olfactory bulb, 
PlexinA4 immunoreactivity was very light with only a few intensely 
stained fibers observed in the most posterior part of the bulb.
PlexinA4 immunoreactivity was present in the Islands of Calleja 
(ICj) where intense neuropil staining was seen in all of the ventral 
islands embedded in the olfactory tubercle and in the major island 
(ICjM) located between the septum, the diagonal band, and the nucleus 
accumbens (Figures 3F,H). Neuropil staining within the islands is 
consistent with terminal fields of efferent connections from piriform 
cortex, septum, nucleus accumbens, and amygdala (Fallon et al., 1978). 
Medial and dorsal to the ventral islands, PlexinA4-labeled fibers and 
neurons were seen in the ventral pallidum, diagonal band, lateral 
preoptic nucleus, and the magnocellular preoptic nucleus. Fibers in 
the ventral pallidal region include axons and dendrites of resident 
neurons as well as axons of the medial forebrain bundle originating in 
the ventral tegmental area (VTA) and the substantia nigra (see below). 
A few PlexinA4-positive fibers were also present in the lateral portion 
of the shell of the nucleus accumbens (data not shown).
septuM
PlexinA4 immunoreactivity was seen throughout the septum where 
moderate staining of neurons and processes was observed in the 
dorsal division of the intermediate lateral septum (Figures 4A,D), 
the medial septal nucleus (Figure 4A) and the vertical limb of the 
diagonal band (VDB; Figures 4A,E). Intense PlexinA4 immu-
noreactive fibers were present in the septofimbrial nucleus (SFi; 
Figure 4B) and in the ventral hippocampal commissure (vhc) 
immediately caudal to the septum (Figure 4C).
hIppocaMpal forMatIon
In the hippocampus, moderate PlexinA4 immunoreactivity was 
present in the CA1–CA4 pyramidal cell bodies (Figures 4F–J) with 
the most intense immunoreactivity seen in CA3 (Figure 4I). The 
granule cell layer neurons of the dentate gyrus (DG) also expressed 
moderate levels of PlexinA4 (Figure 4J). PlexinA4 labeling was also 
found in interneurons in the stratum oriens, pyramidal cell layer, 
and  stratum  radiatum.  PlexinA4-positive  interneurons  located 
in the stratum oriens are likely to be either oriens lacunosum 
ID:HENSMUSG00000029765H). This region is identical to that 
of rat PlexinA4 (Treefam gene ID:HENSRNOG00000013072H) 
suggesting that the anti-mouse PlexinA4 antibodies should detect 
rat PlexinA4. It is unlikely that the antibody cross reacts with other 
PlexinA or even other plexins since a BLAST search with the pep-
tide used to produce the antibody does not show homology to 
rat PlexinA2 or 3, and only 62% identity with rat PlexinA1. On 
immunoblots of rat and mouse brain tissue, a protein band with an 
approximate molecular mass of 210 kDa was detected (Figure 1A). 
This molecular mass is consistent with that predicted from the 
mouse and rat PlexinA4 sequences. Immunoreactivity was abol-
ished when the antibodies were first preabsorbed with the PlexinA4 
peptide (Figure 1B).
General braIn dIstrIbutIon and neuronal expressIon
PlexinA4-immunoreactive neurons were found in every region 
of the brain examined. In all cases, immunoreactivity was abol-
ished when 1° antibodies were preabsorbed against correspond-
ing PlexinA4 peptide (Figure 1B) or were omitted (Figure 1C 
insert). Although PlexinA4 immunoreactivity was widespread in 
the rat brain, regional differences could be observed, with the 
most intense labeling being evident in the cortex, thalamus, col-
liculi, cerebellum and many nuclei of the brainstem, medulla and 
pons (Figure 1C). Individual laminae were intensely stained in 
some areas, such as layer V of the cerebral cortex, the hippocampal 
pyramidal cell layer, and the Purkinje cell layer of the cerebellum 
(Figure 1C). In all regions examined, all PlexinA4 immunoreac-
tive cells were also NeuN positive (Figure 1D), with no overlap 
between PlexinA4 and GFAP staining (Figure 1E). Within neurons, 
PlexinA4 immunostaining was cytoplasmic and had a punctate 
appearance with no PlexinA4 labeling detected in neuronal nuclei. 
This subcellular localization is consistent with PlexinA4 being a 
membrane localized receptor protein. The results are summarized 
in Table 1. In the following sections, the distribution of PlexinA4 
immunoreactivity throughout the major areas of the adult rat 
brain will be described.
cerebral cortex
The intensity of PlexinA4 staining was high in most of the regions of 
the cerebral cortex, especially the motor, primary auditory, primary 
visual, and somatosensory cortices. On coronal sections, there was no 
visible immunostaining in the insular and piriform cortices – the only 
cortical regions in which staining was not observed. Cortical staining 
began dorsal to the rhinal fissure at the level of the somatosensory 
cortex. The staining was particularly intense in the large and medi-
um-sized pyramidal cells of layers II–III and V and apical dendrites 
of layers II–VI (Figures 2A–E). In addition, PlexinA4 labeling was 
present in large and medium-sized interneurons (Figure 2C). Within 
the pyramidal neurons, PlexinA4 immunostaining was visible in the 
perikarya around the nucleus as well as in the apical dendrites and 
axons (Figure 2D). In layer VI, PlexinA4 immunostained fibers head-
ing for the corpus callosum were observed, where they were joined by 
other PlexinA4 positive fibers (Figure 2E). In the cingulate cortex, the 
PlexinA4 apical dendrites of the pyramidal neurons appeared to join 
together to form columns visible in both the horizontal and coronal 
planes (Figure 2F). In the sagittal plane these PlexinA4-positive den-
dritic columns could be seen amid unstained fields (Figures 2G,H). 
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Figure 1 | Specificity of the polyclonal PlexinA4 antibodies. (A) Aliquots of 
rat and mouse brain tissue were subjected to SDS/7 .5% PAGE and immunoblotted 
with polyclonal anti-PlexinA4 antibodies. Molecular mass standards (in kDa) are 
indicated on the left. A band of ∼210 kDa is detected in both rat and mouse tissue 
(arrow). (B) Representative coronal sections from PlexinA4 (green) and NeuN (red) 
co-immunostained rat cortex and striatum. PlexinA4 immunolabeling is abolished 
after preabsorption over excess PlexinA4 peptide. (C) Parasagittal section from an 
adult rat brain immunolabeled with PlexinA4 antibodies. PlexinA4 immunostaining 
is visible in many brain regions including Cx, Hip, Str, Cb, and brain stem nuclei. 
Insert shows coronal sections of Cx from an adult rat brain immunolabeled with 
either PlexinA4 (left) or no primary antibodies (right). No staining is visible in the no 
1o control tissue. (D) Coronal sections through cortex co-immunolabeled with 
PlexinA4 (red) and NeuN (green) as indicated. Insert shows higher magnification 
of neurons double labeled with PlexinA4 and NeuN. All PlexinA4 positive cells are 
also NeuN positive suggesting that PlexinA4 is expressed by neurons. (e) Coronal 
sections through cortex co-immunolabeled with PlexinA4 (red) and GFAP (green) 
as indicated. Insert shows higher magnification of GFAP positive glial cells. There 
is no overlap between PlexinA4 and GFAP staining suggesting that PlexinA4 is not 
expressed by glia. 7 , facial nucleus; Cb, cerebellum, Cx, cortex; Hip, hippocampus; 
Hyp, hypothalamus; IC, inferior colliculi; Mo5, motor trigeminal nuclei; Pn, pontine 
nuclei; Str, striatum; Th, thalamus. Scale bars: (A) 1 mm, (A) insert: 50 μm, 
100 μm.Frontiers in Neuroanatomy  www.frontiersin.org  July 2010  | Volume 4  | Article 25  |  5
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CereBrAl Cortex
Neocortex (Fr Par te oc)
  Layer I  –  –
  Layers ll&lll  2++ 3 ++
  Layer IV  1+ 2 +
  Layer V  1++ 3 ++
  Layer VI  –  –
Cingular cortex (Cg and RS)  2+ 2 ++
Perirhinal (PRh) and insular (Ins) cortex  –  –
Claustrum (CI)  –  –
olFACtory SyStem
main olfactory bulb
  Glomerular layer (Gl)  –  2++
  External plexiform layer (EPI)  1++ 2 ++
  Mitral cell layer (Mi)  1+++ 2 +++
  Internal plexiform layer (IPI)  –  1+
Accessory olfactory bulb (AOB)  –  1+
Anterior olfactory nucleus (AOC)  –  1+
Olfactory tubercle (Tu)  –  1++
Islands of Calleja (ICj)  1+++ 2 +++
Piriform cortex (Pir)  1+ 1 +
Endopjnform nucleus (En)  1+ 1 +
SePtum
Lateral septal nucleus (LS)  –  1+
Medial septal nucleus (MS)  –  1+++
HiPPoCAmPAl FormAtioN
Amnion’s horn (CA1–CA3)
  Oriens layer (Or)  2+++ 2 +++
  Pyramidal cell layer (Py)  3+++ 1 +++
  Stratum radiatum (Rad)  1++ 2 +++
  Lacunosum moleculare layer (LMol)  –  1++
Dentate gyrus (Dg)
  Molecular layer (Mol)  1++ 2 +++
  Granular layer (GrDG)  3+ 1 ++
  Polymorph layer (Po)  2+++ 2 +++
  Subiculum (S)  2++ 2 ++
  Entorhinal cortex (Ent)  3+ 1 ++
BASAl gANgliA
Nucleus accumbens (Acb)  –  1+
Ventral pallidum (VP)  2++ 2 ++
Caudate-putamen (CPu)  –  2+
Globus pallidus(GP)  2++ 2 ++
Lateral Stripe of Striatum (LSS)  1++ 1 +
AmygDAlA
Nucleus of lateral olfactory tract (LOT)  1++ 2 ++
Bed nucleus of the stria terminalis (BST)  –  1+
Bed nucleus of accessory olf.  tract (BAOT)  1+ 2 +
Cortical amygdaloid nucleus (Co)  1+ 2 +
Central amygdaloid nucleus (Ce)  2+ 1 +
Basolateral amygdaloid nucleus (Bl)
  Anterior (BLA)  1+ 1 +
  Posterior (BLP)  1+ 1 +
  Ventral (BLV)  1+ 1 +
  Basomedial amygdaloid nucleus (BM)  1+ 1 +
  Lateral amygdaloid nucleus (La)  1+ 1 +
  Medial amygdaloid nucleus (Me)  1+ 1 +
ePitHAlAmuS, tHAlAmuS AND SuBtHAlAmuS
Medial habenular nucleus (MHb)  1+ 2 ++
Lateral habenular nucleus (LHb)  –  –
Reticularthalamicnucleus (Rt)  –  2+++
intralaminar thalamic nuclei
  Parafascicular(PF)  –  2++
midline thalamic nuclei
  Reuniens (Re)  1+ 1 +
Anterior thalamic nuclei
  Anterodorsal (AD)  2++ 2 ++
  Anteroventral (AV)  1+ 1 +
  Anteromedial (AM)  –  1+
  Mediodorsal(MD)  1+ 1 +
  Paratenial (PT)  2++ 3 ++
lateral thalamic nuclei
  Ventrolateral (VL)  –  1++
  Ventromedial (VM)  –  3++
  Ventral posterolateral (VPL)  2+ 2 ++
  Ventral posteromedial (VPM)  2+ 2 ++
  Laterodorsal (LD)  2+ 3 ++
  Lateral posterior (LP)  –  –
Posterior thalamic nuclei
  Dorsal lateral geniculate (DLG)  –  2++
  Medial geniculate (MG)  –  3++
  Ventral lateral geniculate (VLG)  –  2++
  Substantia innominata (SI)  1++ 1 +
  Zona incerta (Zl)  1++ 3 ++
  Subthalamic nucleus (STh)  –  1+
HyPotHAlAmuS
Nucleus of horiz. limb of diagonal band (HDB)  2++ 1 ++
Medial tuberal nucleus (Mtu)  1++ 1 ++
Paraventricular (Pa)  1+ 1 +
Medial preoptic nucleus (MPO)  1+ 1 +
Parastrial nucleus (PS)  –  –
Anterior hypothalamic area (AH)  –  –
Ventromedial hypothalamic nucleus (VMH)  –  –
Medial mammillary nucleus (MM)  –  –
Lateral mammillary nucleus (LM)  –  –
Submarmmillothalamic nucleus (SMT)  –  –
Lateral preoptic area (LPO)  –  1+
Magnocellular preoptic nucleus (MCPO)  2++ 1 ++
Lateral hypothalamic area (LH)  –  1++
Magnocellular n. of lateral hypothalamus (MCLH)1++ 1 ++
CereBellum
Deep cerebellar nuclei (Lat IntA Med)  3++ 3 ++
Cerebellar cortex
  Molecular layer (MOL)  –  3+++
  Purkinje cell layer (P)  3+++ 
  Granular cell layer (GrL)  1+ 1 +
Continued
table 1 | Distribution of PlexinA4 in the adult rat brain.
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suggest that these large PlexinA4 immunostained neurons are a 
subgroup of aspiny cholinergic interneurons (Figure 5D). In the 
dorsal (dstr) and medial part of the striatum, immunoreactivity 
was most prominent in the neuropil (Figures 5A,B) whereas in 
the lateral striatum (lstr) staining of the neuropil was less visible 
(Figure 5C). Regional heterogeneity consistent with striosome or 
patch and matrix organization was not evident with PlexinA4 
immunohistochemistry. Labeling was also present in myelinated 
  molecular cells or horizontal trilaminar cells based on their cell 
body placement, oval-shaped somata and horizontally running 
dendrites (arrows in Figure 4G; Oliva et al., 2000).
Striatum and pallidum
In the striatum, PlexinA4 immunostaining was detected in the 
neuropil and in very few scattered neurons in the ventrolateral 
region (Figure 5). Their distribution, morphology, and number 
BraiNstem
mesencephalon
  superior colliculus
    Superficial gray (SuG)  3+ 3 ++
    Optic N Layer (Op)  1++ 2 ++
    Intermediate gray (InG)  2++ 3 +++
    Intermediate white (InWh)  1+ 2 ++
    Deep gray (DpG)  2++ 2 ++
    Deep white (DpWh)  1+ 2 ++
  inferior colliculus
    External Cortex (ECIC)
      Layer 1  –  3+
      Layer 2  2+++ 3 +++
      Layer 3  2+++ 2 +++
    Dorsal Cortex (DCiC)
      Layer 1  –  1+
      Layer 2  2+++ 2 +++
      Layer 3  2+++ 2 +++
    Central Nucleus (CIC)  2++ 2 ++
    Nucleus of Brachium of Inf. Coll. (BIC)  –  3+++
  Oculomotor nucleus (3)  2++ 3 ++
  Trochlear nucleus (4)  1+ 2 +
  Nucleus of Darkschewitsch (Dk)  1+++ 3 ++
  Interstitial nucleus of the mlf (IMLF)  2++ 2 ++
  Anterior pretectal nucleus (APT)  –  2+
  Deep mesencephalic nucleus (DpMe)  1++ 2 +
  Medial accessory oculomotor nucleus (MA3)  –  2+++
  Pararubral nucleus (PaR)  3++ 3 ++
  Central gray (CG)  1+ 1 +
  Mesencephalic trigeminal nucleus (Me5)  3+++ 3 ++
  Red nucleus (R)  3+++ 3 +++
  Dorsal raphe nucleus (DR)  –  –
  Median raphe nucleus (MnR)  1+ 1 +
  substantia Nigra
    Reticular part (SNR)  1+++ 3 +++
    Compact part (SNC)  –  –
    Lateral part (SNL)  1+++ 3 +++
    Medial part (SNM)  1+++ 3 +++
  Edinger–Westphal nucleus (EW)  –  1+++
  Ventral tegmental area of Tsai (VTA)  –  1+++
iNterpeDuNCular NuCleus (ip)
Central nuclei (IPC 1 IPR)  1+ 2 ++ 
Lateral nuclei (IPL)  1+ 2 +++
poNs
Dorsomedial periaqueductal gray (DMPAG)  2++ 2 ++
Dorsolateral periaqueductal gray (DLPAG)  1+ 1 +
Lateral periaqueductal gray (LPAG)  2++ 1 ++
Dorsal tegmental nucleus (DTg)  2++ 3 ++
Laterodorsal tegmental nucleus (LDTg)  2+ 1 +
Ventral tegmental nucleus (Gudden) (VTg)  –  –
Locus coeruleus (LC)  2+ 1 +
Motor trigeminal nucleus (Mo5)  1+ 2 ++
Principal sensory trigeminal nucleus (Pr5)  –  2++
Pontine reticular nucleus (PnR)  2+++ 2 ++
Pontine nuclei (Pn)  2+ 2 ++
Transverse fibers of pons (tfp)  –  2+
Abducens nucleus (6)  2+++ 2 +++
meDulla oBloNgata
Subcoeruleus nucleus (SubC)  2+++ 2 ++
Retrolemniscal nucleus (RL)  2++ 3 ++
Parabrachial nucleus (PB)  1+ 2 +
Prepositus nucleus (Pr)  3++ 3 ++
Superior vestibular nucleus (SuVe)  2++ 2 ++
Lateral vestibular nucleus (LVe)  2++ 2 ++
Medial vestibular nucleus (MVe)  3+++ 2 ++
Spinal vestibular nucleus (SpVe)  2++ 2 ++
Ventral cochlear nucleus (VC)  3++ 3 +++
Dorsal cochlear nucleus (DC)  3++ 3 +++
Intertrigeminal nucleus (I5)  2++ 2 ++
Spinal trigeminal nucleus (Sp5)  2+++ 3 +++ 
Facial nucleus (7)  2+ 2 ++
Ambiguus nucleus (Amb)  2++ 2 ++
Gigantocellular reticular field (Gi)  1+ 2 ++
Lateral reticular nucleus (LRt)  2++ 2 ++
Lateral superior olive (LSO)  2+ 2 ++
Inferior olive (I0)  2+ 2 ++
Nucleus of the solitary tract (Sol)  1++ 2 ++
Dorsal motor nucleus of vagus (10)  1++ 1 +
Hypoglossal nucleus (12)  2++ 2 ++
Gracilis nucleus (Gr)  2++ 2 ++
Cuneate nucleus (Cu)  1+ 2 ++
Intensity of staining: +, weak; ++, moderate; +++, strong. No. of somata 
fibers: 1, low; 2, intermediate; 3, high.
table 1 | (Continued)
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esses, except for a few strongly labeled neurons located at the dorso-
lateral edge of the optic tract (Figure 6G), and in a nucleus ventral 
to the magnocellular nucleus of the lateral hypothalamus (MCLH; 
Figures 6I–J). PlexinA4-positive processes were also visible in the 
optic chiasm (Figures 6A,H) dorsal to the optic tract (opt) around 
the ventrolateral hypothalamic tract (vlh; Figure 6K). Except for a 
few labeled neurons and processes in the anterior amygdaloid area 
(Figures 6E,F) there was no detectable PlexinA4 expression in the 
amygdala and the bed nucleus of the stria terminalis, an extension 
of the amygdala (Fudge and Haber, 2001).
thalaMus and subthalaMus
PlexinA4 immunoreactivity was more obvious in the thalamus 
compared to the hypothalamus. In the lateral thalamic nuclei, 
moderate PlexinA4 immunoreactivity was present in cell bodies 
of both the ventral posterolateral and ventral posteromedial nuclei 
(Figures 7A–D,F). Lightly stained PlexinA4 immunoreactive cell 
bodies were observed more dorsally in the mediocaudal part of 
axons bundles traversing the striatum and in the internal cap-
sule (Figures 5C,E). This finding together with PlexinA4 positive 
axons in the corpus callosum suggests that PlexinA4 is present 
in cortico-striatal projections. In the lateral globus pallidus (GP) 
PlexinA4 immunoreactivity was seen in neurons and their den-
drites (Figure 5E). Occasional fibers extending into the adjacent 
striatum were also PlexinA4 positive.
hypothalaMus and aMyGdala
The level of PlexinA4 expression in the different hypothalamic nuclei 
varied from undetectable to moderate. In the anterior hypothalamus, 
PlexinA4 immunoreactive neurons were observed in a region includ-
ing the magnocellular preoptic nucleus (MCPO; Figures 6A,D), and 
the more medial nucleus of the horizontal limb of the diagonal band 
(HDB; Figure 6A). A few neurons and their processes were also 
PlexinA4 positive in the lateral preoptic area (LPO; Figures 6A–C). 
Very little PlexinA4 immunoreactivity was seen in the remaining 
hypothalamic region with only scattered labeled neurons and proc-
Figure 2 | PlexinA4 in cortex. Micrographs showing PlexinA4 immunostaining 
of motor (A–e) and cingulate (F–H) cortex. In coronal sections of cortex staining 
was most intense in the large and medium-sized neurons and their dendrites in 
layers II, III (B), V (D), and VI (C). Staining in axons coursing through the external 
capsule (ec; e) suggests that PlexinA4 is present in cortico-striatal or cortico-
fugal projections. (F) Micrograph of a coronal section through the cingulate 
cortex immunostained with PlexinA4. Apical dendrites from the pyramidal 
neurons are seen to form bundles in the upper layers of cortex (arrows) leaving 
unstained spaces (*) between them. A similar arrangement is visible in sagittal 
sections of cingulate cortex (g and H) where distinct bundles (arrows) of 
PlexinA4 positive fibers can be identified. ec, External capsule. (A) 200 μm, 
(B–g) 100 μm, (H) 25 μm.Frontiers in Neuroanatomy  www.frontiersin.org  July 2010  | Volume 4  | Article 25  |  8
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immunoreactive neurons contained reaction product primarily 
in their perikarya and proximal dendrites (Figures 8C,D). In 
the most intensely labeled neurons, however, extensive labeling 
of dendritic trees and proximal axon segments was also evident 
(Figure 8D).
MIdbraIn
In the midbrain, PlexinA4 immunoreactivity was most pronounced 
in both superior (SC) and inferior colliculi (IC), substantia nigra 
(SN), red nucleus (RN), and several motor nuclei. The highest 
density of PlexinA4-immunoreactive cell bodies was observed in 
the deep gray layer of the SCSC, although these cell bodies were 
only lightly immunoreactive (Figure 9A). The superficial gray layer 
of the SC (SuG) contained many visibly stained fibers (Figure 9D), 
while the intermediate (InG) and deep gray layers of the SC con-
tained a high number of strongly stained fibers and moderately 
immunopositive somata (Figure 9E). In the white layers of the SC, 
only a few lightly stained cell bodies were visible along with some 
immunoreactive fibers.
The IC, in layers 2 and 3 of both the external cortex (ECIC) 
(Figure 9B) and the dorsal cortex (DCIC), contained many PlexinA4 
positive cell bodies and fibers. Layer 1 of the ECIC contained a high 
number of lightly stained fibers. Another point of interest was the 
the lateral posterior thalamic nuclei (LPMC; Figures 7A,B) and 
numerous moderately stained   fibers were present in the dorsal lat-
eral geniculate (DLG) and ventral lateral geniculate nuclei (VLG; 
Figures 7A,C,D). PlexinA4-labeled neurons were numerous in the 
dorsal (DZI) and ventral zona incerta (VZI; Figures 7E,G,H) and 
labeled processes could be observed encircling the mammillotha-
lamic tract. Only a few labeled cell bodies and processes were seen 
in the more ventral subincertal nucleus. More posteriorly, lightly 
stained neurons and fibers were observed in the subthalamic nucleus 
(STN; Figures 7E,I). PlexinA4-immunoreactive fibers were also vis-
ible coursing through the medial leminiscus (ml; Figures 7E,J). 
The reuniens nucleus exhibited light PlexinA4 immunoreactivity 
in a few cell bodies and fibers. The parafascicular, lateral habenular, 
and reticular thalamic nuclei contained numerous large caliber 
PlexinA4-positive fibers, and the medial habenula contained a few 
lightly immunoreactive cell bodies (Figures 7K,L).
cerebelluM
In the cerebellum, PlexinA4 was present in the neurons of the 
interposed (IntA) and medial cerebellar (Med) nuclei (Figure 8A). 
Purkinje cells throughout the cerebellar cortex showed intense 
staining,  whereas  the  granule  cell  layer  (gcl)  was  relatively 
lightly  immunoreactive  (Figure  8B).  Individual  PlexinA4-
Figure 3 | PlexinA4 in the olfactory bulbs and island of Calleja. (A) Low 
magnification of a sagittal section through the piriform cortex and olfactory bulb 
immunostained for PlexinA4. The outlined regions are shown in higher 
magnification in B and C. (B) Micrograph of PlexinA4 labeling in the piriform 
cortex showing PlexinA4 positive pyramidal neurons in layer 2 as well as positive 
fibers coursing through the lateral olfactory tract (lot). (C) Micrograph showing 
intense fiber staining in the lot. (D) Low magnification of a sagittal section 
through main olfactory bulb (MOB) immunostained for PlexinA4. (e) Micrograph 
showing the region outlined in D. PlexinA4 is found in the mitral cells (arrows) 
and their dendrites surrounding the necklace glomeruli (*), and in the external 
(curved arrowhead) and middle (flat arrowhead) tufted neurons. PlexinA4 was 
also seen in the axons leaving the MOB through the internal plexiform layer (IPL; 
small arrowheads). (F) Coronal section through the accumbens region. Intense 
PlexinA4 neuropil staining is visible in the Islands of Calleja (ICj). The outlined 
area is shown at higher magnification in H. (g) PlexnA4 positive neuropil in the 
major Island of Calleja (ICjM). (H) PlexinA4 is seen in the neuropil of the ICj and 
in neuronal cells bodies and large fibers dorsal to the Islands. AO, anterior 
olfactory nucleus; EPL, external plexiform layer; GL, glomerular layer; ICj, Island 
of Calleja; ICjM, major Island of Calleja; IPL, internal plexiform layer; lot, lateral 
olfactory tract; MCL, mitral cell layer; MOB, main olfactory bulb; Pir, piriform 
cortex; Str, striatum. Scale bars: (A,D) 1 mm, (B,C,e) 80 μm, (F,g) 100 μm, 
(H) 50 μm.Frontiers in Neuroanatomy  www.frontiersin.org  July 2010  | Volume 4  | Article 25  |  9
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lateral vestibular nucleus (LVe; Figure 10G), anterior tegmental 
nucleus (ATg; Figures 10H,J) and dorsal tegmental nucleus (DTg; 
Figure 10K). Both the motor (Mo5) and principal sensory (Pr5) 
trigeminal nuclei contained an intermediate number of fibers, 
which were moderately PlexinA4-immunoreactive, but no cell 
bodies were detected in Pr5 while many stained neurons were 
observed in Mo5 (Figure 10D). The 7N and ambiguous (Amb) 
nuclei both contained intermediate numbers of cell bodies and 
fibers that were moderately stained (Figures 10A,E). PlexinA4-
positive facial nerve fibers were noticeable throughout the facial 
nerve (7n; Figures 10C,F).
PlexinA4-immunostaining  was  evident  in  cross-sections  of 
large caliber fibers in the medial longitudinal fasciculus (mlf; 
Figures 10H,I). PlexinA4-immunoreactive cell bodies and fibers 
were also found in the pontine nuclei (Pn; Figure 10A), pontine 
reticular nucleus (PnR), and abducens nucleus (6N). Cell bod-
ies in the PnR and 6N were strongly PlexinA4-immunoreactive, 
while Pn neurons were only lightly stained. Conversely, the fibers 
observed in the Pn and PnR were moderately stained, while the 
fibers in 6N were strongly stained. In the most ventral region of 
the pons, the transverse fibers of the pons showed PlexinA4 immu-
noreactivity. Finally, a few lightly stained cell bodies and fibers 
were also present in the periaqueductal gray and locus coeruleus 
(data not shown).
central nucleus of the IC (CIC), which showed numerous coursing 
fibers and strongly immunoreactive somata (Figure 9C), and the 
nucleus of the brachium, which contained no stained cell bodies 
but did show a high number of PlexinA4 positive fibers.
Intense PlexinA4 staining of cell bodies and fibers was detected 
in the substantia nigra pars reticulata (SNr; Figures 9F,J) but was 
not present in the tyrosine hydroxylase expressing neurons of 
the substantia nigra pars compacta (SNpc on adjacent sections 
(Figures 9F,K), similar to our previous findings (Torre et al., 2010). 
There was no staining of VTA neurons or fibers. PlexinA4 was 
also present in the neurons and dendrites of the RN (Figures 9F,I) 
consistent with previous PlexinA4 mRNA observations (Spinelli 
et al., 2007). Dorsal to the RN, strong PlexinA4 immunoreactivity 
was visible in the oculomotor nuclei (3N in Figures 9F,H) and 
could also be seen caudally in the adjacent trochlear nuclei (4N 
in Figure 9G) as well as in myelinated axon bundles of the medial 
longitudinal fasciculus (mlf; Figures 9G,H).
pons
In the pons, the most intense PlexinA4 immunoreactivity was 
seen in cells bodies of the neurons of the mesencephalic trigemi-
nal nucleus (Me5) and in their processes in the mesencephalic 
trigeminal tract (me5; Figure 10B). Other moderately immunore-
active neurons were present in the facial nucleus (7N; Figure 10E), 
Figure 4 | PlexinA4 in septum and hippocampal formation. (A–C) 
Micrographs of coronal (A–B) and horizontal (C) sections immunostained for 
PlexinA4. PlexinA4 is visible in neurons and fibers in the medial septum (MS), the 
intermediate part of the lateral septal nuclei (LSi; D), the vertical limb of the diagonal 
band (VDB; e), the septofimbrial nuclei (SFi). PlexinA4 was also present in the 
ventral hippocampal commissure (vhc; C). (F–J) Micrographs of coronal sections 
through the adult rat hippocampus stained for PlexinA4. PlexinA4 reaction product 
was present in the pyramidal cell bodies in CA1 (g), CA2 (H), CA3 (i) layers and in 
the dendate gyrus (DG; J). Staining was also found in interneurons in the stratum 
oreans (arrows in g). ac, anterior commissure; DG, dentate gyrus; f, fornix; hf, 
hippocampal fissure; Ld, lambdoid septal zone; LSi, intermediate part of the lateral 
septal nucleus; MS, medial septum; SFi, septofimbrial nucleus; SFO, subfornical 
organ; VDB, vertical limb of the diagonal band; vhc, ventral hippocampal 
commissure. Scale bars: (A–C, F) 500 μm, (D,e,g–J) 100 μm.Frontiers in Neuroanatomy  www.frontiersin.org  July 2010  | Volume 4  | Article 25  |  10
Gutekunst et al.  PlexinA4 localization rat CNS
Figure 5 | PlexinA4 in the basal ganglia. (A–F) Micrographs of coronal 
sections through the striatum immunostained for PlexinA4. PlexinA4 
immunoreactivity is highest in the neuropil in the dorsal striatum (B) and in 
cortico-striatal fibers in the lateral striatum (arrowheads in C). In the ventral 
lateral region of the striatum PlexinA4 immunoreactive product was visible in 
numerous but only lightly stained medium size neurons (arrows in D) and a few 
scattered large neurons (arrowhead in D). PlexinA4 was also present in neurons 
(arrow) and fibers in the globus pallidus (e). (F) Micrograph of a coronal section 
through the striatum co-labeled with PlexinA4 (red) and NeuN (green). Whereas 
NeuN is mostly seen in neurons and fine neuropil (arrowheads), PlexinA4 is 
visible in the neuropil and in large myelinated axons in cross sections of Wilson’s 
pencils (*). ac, anterior commissure; dstr, dorsal striatum; ec, external capsule; 
GP , globus pallidus; lstr, lateral striatum; str, striatum. Scale bars: (A) 1 mm, 
(B–e) 100 μm, (F) 50 μm.
Medulla
Most  evident  in  the  medulla  was  the  large  number  of 
PlexinA4-immunostained  fibers  and  a  few  strongly  stained 
motor nuclei. Large immunostained fibers were present in the 
spinal trigeminal tract (sp5), the inferior cerebellar peduncle 
(icp; Figure 11G), the medial lemniscus (ml; Figure 11K), the 
tectospinal tract and the mlf. Smaller caliber fibers stained for 
PlexinA4 were visible dorsally in the cuneate fasciculus (cu; 
Figure 11F) and ventrally in the pyramidal decussation and 
pyramidal tract (pyr; Figures 11A, I,K). In addition to fibers, 
PlexinA4 also labeled neurons in the gigantocellular reticular 
field and the lateral reticular nucleus, the lateral superior olive 
and  the  inferior  olive  (IO;  Figures 11I,J).  PlexinA4-positive 
neurons were also present in several motor nuclei including 
the dorsal motor nucleus of the vagus nerve, the hypoglossal 
nucleus (12N; Figures 11A–C) and the interpolar part (Sp5I; 
Figure 11G) and the caudal part of the spinal trigeminal nucleus 
(Sp5c; Figure 11A). The dorsal motor nucleus of the vagus nerve 
contained very few immunoreactive cell bodies and fibers, and 
those that were present were only lightly stained. In contrast, the 
hypoglossal nucleus contained more immunoreactive cell bodies 
and fibers than the vagus. PlexinA4-labeled neurons were also 
present in the gracilis nucleus (Gr; Figures 11A,D) and cuneate 
nucleus (Cu; Figures 11A,E).
spInal cord
In the cervical spinal cord, PlexinA4-immunolabeling was found 
in neurons in both dorsal and ventral horns (Figures 12A–D,G). 
However, we consistently observed more PlexinA4-positive neu-
rons in the ventral horn, and their morphology, size, and loca-
tion were consistent with them being either motor neurons or 
interneurons (Figures 12C,G). PlexinA4-labeling was also present Frontiers in Neuroanatomy  www.frontiersin.org  July 2010  | Volume 4  | Article 25  |  11
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Figure 6 | PlexinA4 in the amygdala and the hypothalamus. Micrographs of 
the hypothalamic and amygdala region in coronal sections. In the anterior region 
of the hypothalamus (A–H), PlexinA4 is found in scattered neurons and large 
caliber processes in the preoptic area (A,B), the lateral preoptic area (LPO; A and 
C) and in the magnocellular preoptic nucleus (MCPO; A and D). Labeled axons 
are also visible in the optic chiasm (oc; H). More posterior, PlexinA4 staining is 
present in neurons of the amygdala (e and F) and in a region immediately 
dorsolateral to the optic tract (opt; e and g). No PlexinA4 was detected in the 
dorsomedial (DM) and ventromedial hypothalamus (VMH; i) but strong labeling 
was seen in neurons and processes in a small nucleus medial to the internal 
capsule (ic) and ventral to the magnocellular nucleus of the lateral hypothalamus 
(MCLH) visible in i and at higher magnification in J. PlexinA4 positive processes 
were also visible dorsal to the opt around the ventrolateral hypothalamic tract 
(vlh; K). 3v, third ventricle; aca, anterior part of the anterior commissure; AHA, 
anterior hypothalamic area; Amyg, amygdala; CPu, caudate putamen; DM, 
dorsomedial hypothalamus; f, fornix; HDB, nucleus of the horizontal limb of the 
diagonal band; ic, internal capsule; LH, lateral hypothalamus; LPO, lateral preoptic 
area; MCLH, magnocellular nucleus of the lateral hypothalamus; MCPO, 
magnocellular preoptic nucleus; oc, optic chiasm; opt, optic tract; PAP , anterior 
part of the paraventricular hypothalamic nucleus; vlh, ventrolateral hypothalamic 
tract; VMH, ventromedial hypothalamus; VP , ventral pallidum; ZI, zona incerta. 
Scale bars: (A,e,i) 1 mm, (B–D,F–H,J) 50 μm, (K) 100 μm.
in motor axons exiting through the ventral roots (Figure 12H). 
There  was  widespread  labeling  of  ascending  and  descending 
white matter tracts. PlexinA4 was evident in cross-sections of 
large caliber fibers in the cuneate fasciculus (Figure 12E) and the 
ventral funiculus (Figure 12I) and in small caliber fibers in the 
ventral cuneate fasciculus (Figure 12F) and the gracilus fascicu-
lus (Figure 12E). PlexinA4 was not detected in the dorsal horn 
substantia gelatinosa.
dIscussIon
The present study provides the first description of PlexinA4 pro-
tein distribution in the adult rat CNS using a recently developed 
and commercially available polyclonal antibody directed to the 
C-terminal sequence of mouse PlexinA4. Our results include 
several major findings concerning the cellular distribution of 
PlexinA4. We found PlexinA4 to be expressed throughout the 
brain of the adult rat, with highest levels in the cortex, hippoc-
ampus, brainstem, pontine and medullary nuclei and moderate 
levels in particular forebrain and midbrain nuclei. PlexinA4 is 
present in neurons as well as small and large caliber fibers in 
many brain regions, but it does not appear to be expressed by 
glial cells. Within neurons, the PlexinA4 protein has a cytoplasmic 
localization and is found in the soma as well as in both dendrites 
and axons with no detectable nuclear labeling. In the cytoplasm, 
PlexinA4 immunoreactive product associates mostly with peri-
nuclear structures as well as small puncta, and it outlines the 
membranes of neurons; such labeling is consistent with that of 
a membrane protein.Frontiers in Neuroanatomy  www.frontiersin.org  July 2010  | Volume 4  | Article 25  |  12
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transcripts (Suto et al., 2003; Perala et al., 2005; Runker et al., 
2008) as well as with the few reports of protein distribution in 
the adult mouse (Spinelli et al., 2007) and anomalies seen in the 
PlexinA4 knockout animals (Suto et al., 2005, 2007; Low et al., 
2008; Runker et al., 2008; Schwarz et al., 2008). Accordingly, 
PlexinA4 proteins were detected in most cortical areas where 
mRNA had been detected in neurons of layer V in various cortical 
regions including primary motor and visual cortex in postna-
tal mice (Low et al., 2008; Runker et al., 2008). Our finding of 
PlexinA4 in pyramidal neurons in layer V of cortex and in the 
cuneatus nuclei at the level of the spinal cord confirms a role in 
the corticospinal tract where plexins have previously been shown 
to participate in the pruning (Low et al., 2008) and proper guid-
ance (Runker et al., 2008) of the developing corticospinal tract at 
the level of the caudal medulla and at the pyramidal decussation. 
Also consistent with its presence in the axons of cortical neurons, 
PlexinA4 immunolabeling was seen in the corpus callosum and 
external capsule.
The anterior commissure is comprised of axons from the 
olfactory bulbs as well as axons from several cortical areas. In 
PlexinA4 knockout mice, the anterior commissure is reduced 
in size and defasciculated (Suto et al., 2005; Yaron et al., 2005). 
However, although we found many PlexinA4 positive cortical 
neurons in the adult rat brain, there was no detectable expres-
sion of PlexinA4 in the anterior commissure. Therefore, it is 
possible that PlexinA4 is expressed in axons destined for the 
anterior commissure only during development and, over time, 
the expression is downregulated. Alternatively, this observation 
might be accounted for by a species difference or limitations set 
by the available antibodies.
Figure 7 | PlexinA4 in thalamus, subthalamus and habenula. (A) Coronal 
section stained for PlexinA4 and photographed at low magnification. PlexinA4 
is present in neurons (arrows) and fibers in several thalamic nuclei including 
the medio-caudal portion of the lateral posterior thalamic nucleus (LPMC; B) 
and the ventro-postero-thalamic nucleus (VP; F). Neurons and fibers stained 
for PlexinA4 are also found in the dorsal lateral (DLG) and ventral lateral 
geniculate nuclei (VLG; arrows in C and D respectively). (e) A low 
magnification micrograph of the zona incerta region. PlexinA4 
immunoreactivity was also seen in neurons and fibers in both the dorsal (DZI; 
g) and ventral (VZI; H) zona incerta. Lighter labeling was seen in the 
subthalamic nucleus (STN; i) and in the axons coursing through the medial 
lemniscus (ml; J). Strong PlexinA4 expression was also seen in both the 
medial (MHb) and the lateral habenula (LHb) with lightly stained but numerous 
PlexinA4 positive neurons in the MHb (arrowheads in K) and a few positive 
neurons (arrows) and many fibers (arrowheads) in the LHb (l). DLG, dorsal 
lateral geniculate nucleus; ar, acoustic radiation; DZI, dorsal zona incerta; ic, 
internal capsule; LHb, lateral habenula; LPMC, medio-caudal portion of the 
lateral posterior thalamic nucleus; MHb, medial habenula; ml, medial 
lemniscus; STN, subthalamic nucleus; str, superior thalamic radiation; VLG, 
ventral lateral geniculate nucleus; VP , ventral postero thalamic nucleus; VZI, 
ventral zona incerta. Scale bars: (A) 1 mm, (B–D,F–l) 100 μm, (e) 200 μm.
Figure 8 | PlexinA4 in the cerebellum. Micrographs of coronal (A,B) and 
sagittal (C,D) sections through the adult rat cerebellum stained for 
PlexinA4. PlexinA4 is present in the Purkinje cell soma, dendrites (arrows in 
D) and axons (arrowheads in D) throughout the cerebellum. Neurons in the 
medial cerebellar nucleus and anterior interposed cerebellar nucleus also 
express PlexinA4 (A). gcl, granule cell layer; IntA, anterior interposed 
cerebellar nucleus; Med, medial cerebellar nucleus; ml, molecular layer; 
Sim, simple lobule. Scale bars: (A) 1 mm, (B) 200 μm, (C) 100 μm, 
(D) 50 μm.
coMparIson WIth prevIous plexIna4 Mrna dIstrIbutIon and 
knockout studIes
The PlexinA4 protein distribution in the adult rat brain aligns 
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PlexinA4  protein  was  present  in  the  dentate  granule  cells 
and the CA3 pyramidal cells of the hippocampus where in situ 
hybridization (ISH) analyses on P1 mice revealed strong signals 
for PlexinA4 transcripts (Suto et al., 2007). Although PlexinA4 
protein has been immunodetected in the suprapyramidal and 
infrapyramidal bundles of mossy fibers and in the dentate hilus 
in P1 and P10 mice (Suto et al., 2007) this type of staining was 
not visible in the adult rat hippocampus. It is conceivable that 
PlexinA4 expression in these areas is developmentally regulated 
and therefore undetectable in the adult brain. Developmental 
regulation of axon guidance molecules has been documented by 
others (Yu and Bargmann, 2001; Tsim et al., 2004). Another pos-
sibility is that the discrepancy in staining represents differences 
between species; however, we have unpublished data indicating 
similar PlexinA4 expression patterns in both adult mouse and 
rat hippocampus.
Consistent with the findings that PlexinA4 transcripts are 
detected in a subset of motor neurons and motor nuclei of the 
brainstem in the developing mouse brain (Suto et al., 2003), 
our results show PlexinA4 protein in large neurons in the ven-
Figure 9 | PlexinA4 in the midbrain. Micrographs of sagittal (A–e and g) and 
coronal (F,H–K) sections through the adult rat midbrain immunostained for 
PlexinA4 (A–J) or tyrosine hydroxylase (K). PlexinA4 reaction product is seen in 
many neurons in both the inferior (IC) and superior colliculi (SC; A–e). In the IC, 
immunoreactive cell bodies and fibers are present in the external cortex (ECIC; 
B) and the central nucleus (CIC; C). In the SC, labeled fibers are visible in the 
superficial gray layer (SuG; D) whereas immunoreactive neuronal cell bodies and 
fibers are present in the deep gray layer (e). PlexinA4 staining was also present 
in neurons in the oculomotor (3N; F–H) and throchlear nuclei (4N; F and g), RN 
(F and i) and in neurons and fibers of the substantia nigra pars reticulata (SNr; F 
and J). Insert in J shows higher magnification view of PlexinA4 positive cells in 
the SNr. PlexinA4 is not expressed by the tyrosine hydroxylase-positive 
dopaminergic neurons of substantia pars compacta (SNpc; K). 3N, oculomotor 
nucleus; 4N, trochlear nucleus; IC, inferior colliculus; InG, intermediate gray layer 
of the superior colliculus; mlf, medial longitudinal fasciculus; RN, red nucleus; 
scp, superior cerebellar peduncle; SNpc, substantia nigra pars compacta; SNr, 
substantia nigra pars reticulata; SuG, superficial gray layer of the superior 
colliculus. Scale bars: (A and F) 1 mm, (B–e,g–H) 100 μm, (i–K) 50 μm.Frontiers in Neuroanatomy  www.frontiersin.org  July 2010  | Volume 4  | Article 25  |  14
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tral horn of the spinal cord as well as in neurons in the nucleus 
ambiguus, the facial nucleus, the motor trigeminal nucleus, the 
oculomotor nucleus, the hypoglossal nucleus and, to a lesser 
extent, the dorsal nucleus of the vagus. We also found PlexinA4 
in the nerves originating from these nuclei. PlexinA4 protein 
expression in both the red nucleus and the facial nucleus coin-
cides with results from a previous study where PlexinA4 mRNA 
was upregulated in these nuclei following axotomy of the rubro-
spinal pathway and facial nerve (Spinelli et al., 2007). The two 
PlexinA4 knockout lines generated thus far also present with 
defects in the trajectories of the cranial and spinal nerves despite 
normal position and configuration of the cranial and spinal gan-
glia (Suto et al., 2005).
PlexinA4 proteins were also found in labeled axons in Wilson’s 
pencils in the striatum. These labeled axons could belong to 
various  tracts  including  the  cortico-striatal,  cortico-spinal, 
or striato-fugal pathways, all of which travel via the Wilson’s 
Pencils (Hersch et al., 1995; Prensa et al., 2000; Carter et al., 2008; 
Faulkner et al., 2008). Whereas PlexinA4 expression was strong 
in cortical neurons in layers II, III, VI, and in layer V, giving 
rise respectively to the corticostriatal and corticospinal tracts, 
PlexinA4 was not detected in the striatal medium spiny neurons 
where striatofugal projections originate. Evidence of PlexinA4 
localization to corticospinal axons was presented in two previous 
studies. Defect in the dorsal turning and midline crossing of the 
corticospinal fibers at the pyramidal decussation were found in 
Sema6A and PlexinA4 knockout mice (Faulkner et al., 2008). 
Furthermore, mice lacking PlexinA4 show a reduced number of 
Nrp1-immunopositive corticospinal axons in the intermediate 
zone of the cerebral cortex and the internal capsule, and callosal 
axons fail to cross-over caudally and accumulate on the ipsilateral 
side (Bechara et al., 2008).
Figure 10 | PlexinA4 in the pons. Micrographs of sagittal (A–g) and coronal 
(H–K) sections through the adult rat pons immunostained for PlexinA4. PlexinA4 
immunoreactive product is seen in neurons in the mesencephalic trigeminal 
nucleus (Me5; B), the motor trigeminal nucleus (Mo5; A and D), the facial 
nucleus (7N; A and e), the lateral vestibular nucleus (LVe; A and g), the anterior 
tegmental nucleus (ATg; H and J) and the dorsal tegmental nucleus (DTg; K). 
Insert in (B) shows a higher magnification view of PlexinA4 positive cell bodies 
in the Me5. Immunoreactive fibers were visible in the genu of the facial nerve 
(g7; C), the facial nerve (7n; A and F) and the medial longitudinal fasciculus (mlf; 
H and i). In coronal sections, the midline is represented with a vertical dotted 
line. 4V, fourth ventricle; 7n, facial nerve; 7N, facial nucleus; Amb, ambiguus 
nucleus; ATg, anterior tegmental nucleus; Cb, cerebellum; drc, dorsal raphe 
nucleus; DTg, dorsal tegmental nucleus; g7 , genu of the facial nerve; LVe, lateral 
vestibular nucleus; Me5, mesencephalic trigeminal nucleus; me5, 
mesencephalic trigeminal tract; mlf, medial longitudinal fasciculus; Mo5, motor 
trigeminal nucleus; MVPO,: medioventral periolivary nucleus; Pn, pontine nuclei; 
scp, superior cerebellar peduncle; SPO, superior paraolivary nucleus. Scale bars: 
(A) 1 mm, (B) 200 μm, (C–H,K) 100 μm, (i–J) 50 μm.Frontiers in Neuroanatomy  www.frontiersin.org  July 2010  | Volume 4  | Article 25  |  15
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coMparIson of plexIna4 proteIns localIzatIon WIth 
InteractInG partners
The distribution of PlexinA4 protein in the adult CNS is compa-
rable to that of the known distribution of its co-receptor Nrp1. 
Nrp1 is found in the developing cingulate cortex where it plays a 
role in guiding axons towards the midline (Hatanaka et al., 2009; 
Piper et al., 2009). Although this region has not been examined in 
PlexinA4 knockout mice, it is likely that the defects seen in Nrp1 
knockout mice are transduced via Nrp1/PlexinA4 interaction. Loss 
of Sema3A/Nrp1 also causes defasciculation and ectopic projection 
of facial nerve axons (Schwarz et al., 2008), which is consistent 
with our observation that PlexinA4 is present in neurons of the 
facial nucleus and their projections in the facial nerve. Nrp1 is 
also found in adult spinal cord motor neurons where PlexinA4 
protein is expressed at relatively high levels (Pasterkamp et al., 1999; 
De Winter et al., 2002b; Lindholm et al., 2004; Pasterkamp and 
Verhaagen, 2006).
We found PlexinA4 to be highly expressed in a subset of neu-
rons of the olfactory bulb. This is consistent with earlier findings 
that Sema3A and its receptors and co-receptors participate in axon 
sorting and establishment of the olfactory map topography (Imai 
et al., 2009). Finally, we and others have suggested a critical role 
of semaphorins and their co-receptors in the development of the 
nigrostriatal pathway (Hernandez-Montiel et al., 2008; Kolk et al., 
2009; Torre et al., 2010). It is interesting to note that although Nrp1 
has been shown to be expressed in the dopaminergic neurons of 
Figure 11 | PlexinA4 in the medulla. Micrographs of coronal (A–g and i–J), 
sagittal (H) and horizontal (K) sections through the adult rat medulla stained for 
PlexinA4. PlexinA4 neuronal staining is most intense in the hypoglossal nucleus 
(12N; A–C), the gracile nucleus (Gr; A and D), the cuneate nucleus (Cu; A and e), 
the spinal trigeminal nucleus (Sp5; arrows in g) and the A2 noradrenaline cell 
group (arrow in B). Less intense but visible labeling is also seen in the neurons 
of the inferior olive (IO; i and J). Large caliber fibers positive for PlexinA4 are 
present in the inferior cerebellar peduncle (icp; g), the spinal trigeminal tract 
(sp5; g and H), and the medial lemniscus (ml; K). Fine labeled processes are 
also found in the cuneate (cu; F) and pyramidal (pyr; K) tracts. 12N, hypoglossal 
nucleus; cu, cuneate fasciculus; Cu, cuneate nucleus; Gr, gracile nucleus; icp, 
inferior cerebellar peduncle; IO, inferior olive; ml, medial lemniscus; pyr, 
pyramidal tract; sp5, spinal trigeminal tract; Sp5c, caudal part of the spinal 5 
nucleus; Sp5I, interpolar part of the spinal 5 nucleus. Dashed vertical lines 
represent midline. Scale bars: (A) 1 mm, (B) 500 μm, (C–F) 50 μm, (g) 100 μm, 
(H,J,K) 50 μm, (i) 200 μm.Frontiers in Neuroanatomy  www.frontiersin.org  July 2010  | Volume 4  | Article 25  |  16
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